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Cornea
Gamma-Irradiation Reduces the Allogenicity of Donor
Corneas
William Stevenson, Sheng-Fu Cheng, Parisa Emami-Naeini, Jing Hua, Eleftherios I. Paschalis,
Reza Dana, and Daniel R. Saban*
PURPOSE. To evaluate the utility and allogenicity of gamma-
irradiated corneal allografts.
METHODS. Corneal buttons were harvested from C57BL/6 mice
and decellularized with gamma irradiation. Cell viability was
assessed using TUNEL and viability/cytotoxicity assays. Ortho-
topic penetrating keratoplasty was performed using irradiated
or nonirradiated (freshly excised) C57BL/6 donor grafts and
BALB/c or C57BL/6 recipients. Graft opacity was assessed over
an 8-week period and graft survival was evaluated using
Kaplan-Meier survival curves. Mixed-lymphocyte reactions and
delayed-type hypersensitivity assays were performed to
evaluate T-cell alloreactivity. Real-time PCR was used to
investigate the corneal expression of potentially pathogenic
T-helper 1, 2, and 17 cell-associated cytokines.
RESULTS. Corneal cells were devitalized by gamma irradiation
as evidenced by widespread cellular apoptosis and plasma
membrane disruption. Nonirradiated allograft and isograft
rates of survival were superior to irradiated allograft and
isograft rates of survival (P < 0.001). Mixed lymphocyte
reactions demonstrated that T-cells from irradiated allograft
recipients did not exhibit a secondary alloimmune response
(P < 0.001). Delayed-type hypersensitivity assays demonstrat-
ed that irradiated allografts did not elicit an alloreactive
delayed-type hypersensitivity response in graft recipients (P
 0.01). The corneal expression of T-helper 1, 2, and 17
cell-associated cytokines was significantly lower in failed
irradiated allografts than rejected nonirradiated allografts (P 
0.001).
CONCLUSIONS. Gamma-irradiated corneas failed to remain
optically clear following murine penetrating keratoplasty;
however, gamma irradiation reduced the allogenicity of these
corneas, potentially supporting their use in procedures such as
anterior lamellar keratoplasty or keratoprosthesis implantation.
(Invest Ophthalmol Vis Sci. 2012;53:7151–7158) DOI:
10.1167/iovs.12-9609
Corneal transplantation, also known as corneal grafting, isone of the oldest, most common, and most successful
forms of solid tissue transplantation. In 2010, over 42,000
corneal transplantations were performed in the United States
alone.1 Despite advances in recognition and treatment,
immune rejection remains the leading cause of corneal
transplantation failure.2 Corneal allografts placed in first-time,
noninflamed, avascular graft beds enjoy a 2-year survival rate
approaching 90%; however, previously sensitized, inflamed, or
vascularized graft beds afford a much lower rate of graft
acceptance.3,4 Although corneal allograft rejection can be
mediated by redundant immunologic processes, currently
available evidence indicates that T-cells, particularly CD4þ T-
cells, have a critical role in the immunopathogenesis of corneal
allograft rejection.5,6 Treatment modalities that downregulate
CD4þ T-cell alloreactivity promise to enhance the long-term
survival of corneal allografts.
According to the World Health Organization, corneal
blindness accounts for nearly 8 million of the 39 million cases
of blindness worldwide.7,8 Corneal transplantation is a sight-
saving procedure with the potential to benefit many of those
who suffer from corneal blindness; unfortunately, it has been
estimated that only 100,000 corneal transplantations are
performed per year worldwide.9 The availability of corneal
transplantation is limited in part by the shortage of donated
corneas, exclusion of corneas not fit for transplantation, and
relatively short shelf-life of transplantation-suitable corneas.10
Novel corneal processing methods, such as gamma irradiation,
could help address the worldwide shortage of corneal tissue by
increasing the supply and extending the shelf-life of corneas
available for transplantation.
Gamma irradiation is commonly used by tissue banks for the
sterilization of grafts against bacterial, viral, fungal, and even
prional contaminants.11–13 TBI/Tissue Banks International
(Baltimore, MD) uses specialized procedures for the procure-
ment, screening, gamma irradiation, and preservation of donor
corneas to produce VisionGraft Sterile Cornea.14 Gamma-
irradiated corneas have been used in a variety of clinical proce-
dures, including anterior lamellar keratoplasty, tectonic kerato-
plasty, glaucoma patch grafting, and keratoprosthesis
implantation.15,16 Thus far, irradiated corneas have only been
used for procedures that do not require viable graft endothelium.
We evaluated the utility of gamma-irradiated corneal grafts using
a murine model of orthotopic penetrating keratoplasty. Further-
more, since gamma irradiation has been shown to reduce
immunogenicity in some experimental models, we investigated
the allogenicity of gamma-irradiated corneas.
MATERIALS AND METHODS
Animals and Anesthesia
Male C57BL/6 and BALB/c mice (Charles River Laboratories, Wilming-
ton, MA) aged 8 to 10 weeks were used for this study. Mice were
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housed in a secure, pathogen-free environment at the Schepens Eye
Research Institute Animal Care Facility. All procedures and protocols
were approved by the Schepens Eye Research Institute Animal Care
and Use Committee, and all animals were treated in accordance with
the Association for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and Visual Research.
Anesthesia and analgesia were induced with intraperitoneal injections
of ketamine/xylazine at doses of 120 and 20 mg/kg, respectively.
Tissue Harvesting and Gamma Irradiation
The center of each donor cornea (C57BL/6) was marked with a 2 mm
diameter trephine and excised using Vannas scissors (Storz Instruments
Co., Madison, NJ). Following excision, corneas were placed in chilled
Optisol-GS (Bausch & Lomb, Irvine, CA) and shipped to TBI/Tissue
Banks International for gamma irradiation.11 Nonirradiated (freshly
excised) corneal grafts (C57BL/6) were harvested, placed in chilled
PBS, and used immediately for corneal transplantation.
For the TUNEL assay, freshly enucleated eyes were placed in chilled
Optisol-GS (Bausch & Lomb). Gamma irradiation was performed using
a synthetic radioactive isotope of Cobalt-60 at the Massachusetts
Institute of Technology Radiation Lab. The dose of gamma irradiation
administered was calculated using the standard decay curve of Co-60.
Na¨ıve and gamma-irradiated eyes were stored at þ48C until further
processing.
TUNEL Assay
TUNEL was performed using a commercially available kit as described
previously (in situ cell death detection kit; Roche Diagnostics Corp.,
Indianapolis, IN).17 In brief, na¨ıve and gamma-irradiated eyes were
embedded in optimal cutting temperature (OCT) compound and
frozen. Cryosection was performed and 13 lm sections were placed on
positively charged glass slides (Menzel Gla¨ser, Braunschweig, Ger-
many). The sections were fixed in 4% paraformaldehyde for 20 minutes
and washed in PBS for 30 minutes at room temperature. Samples were
permeabilized on ice for 2 minutes in a solution containing 0.1% Triton
X-100 and 0.1% sodium citrate. Four groups were examined: gamma-
irradiated eyes (experimental group), nonirradiated eyes (control
negative), nonirradiated eyes treated with DNase (control positive),
and gamma-irradiated eyes stained with label solution alone (control
false positive). TUNEL and label solutions were prepared as recom-
mended, and the treated samples were incubated in a humidified
chamber at 378C for 60 minutes in the dark. Samples were washed
thoroughly in PBS and mounted using mounting media with 40,6-
diamidino-2-phenylindole (DAPI). The stained corneal sections were
examined using a confocal microscope (Leica TCS–SP5; Leica Micro-
systems, Buffalo Grove, IL) at 403 magnification.
Cell Viability/Cytotoxicity Assay
Cell viability was assessed with a commercially available kit as
described previously with minor modifications (LIVE/DEAD viability/
cytotoxicity kit for mammalian cells; Invitrogen, Carlsbad, CA).18
Freshly excised na¨ıve corneas and gamma-irradiated corneas were
washed 3 times in sterile PBS for 10 minutes. Immediately before
staining, a solution containing 2.5 lL calcein AM (4 mM in dimethyl
sulfoxide [DMSO]) and 10 lL ethidium homodimer-1 (2 mM in 1:4
DMSO/H2O) in 5 mL PBS was prepared. Corneal buttons were
incubated in this solution for 40 minutes in the dark at room
temperature. Corneas subsequently were washed one time in PBS for
5 minutes and mounted using mounting media with DAPI. Samples
were examined using a confocal microscope (Leica TCS – SP5; Leica
Microsystems) at 403magnification.
Corneal Transplantation
Murine orthotopic penetrating keratoplasty was performed as
described previously using irradiated corneas and nonirradiated
corneas as donor grafts.19 Briefly, the center of each recipient’s right
eye was marked with a 1.5 mm diameter trephine and excised. The
donor corneal graft was centered on the graft bed and secured using 8
interrupted 11–0 nylon sutures (Surgical Specialties Co., Reading, PA).
Tarsorrhaphies were placed for the first 2 days post-transplantation and
corneal sutures were removed on postoperative day 7. Corneal
transplantations that experienced complications (e.g., cataract, infec-
tion, anterior synechiae, or intraoperative hemorrhage) were excluded
from analysis.
Immunosuppressive Regimen
Dexamethasone was prepared by dissolving powdered dexamethasone
(Sigma-Aldrich, St. Louis, MO) in a mixture of PBS and DMSO
(Calbiochem, Darmstadt, Germany) at a concentration of 1.0%.
Immunosuppressed mice received either topical or combined topical
and systemic dexamethasone using previously established doses.20
Dexamethasone 0.1% eye drops were administered to transplanted
eyes twice per day from days 0 to 14. Intraperitoneal dexamethasone
(2 mg/kg) was administered once per day from preoperative day 1 to
postoperative day 5.
Evaluation of Graft Opacity and Survival
Slit-lamp biomicroscopy was performed to evaluate graft opacity over
an 8-week period. A standard opacity-grading system was used to score
opacity in a semiquantitative manner, with each graft receiving a score
from 0 to 5þ based on the presence and extent of opacity as described
previously.19 Graft failure was defined as two consecutive time points
with a score of 3þ, denoting obscuration of the iris details. Kaplan-
Meier survival curves were used to analyze graft survival.
Mixed Lymphocyte Reaction (MLR)
The MLR protocol used has been described previously.21 Briefly,
transplant recipient’s ipsilateral submandibular and cervical lymph
nodes were harvested and pooled during the peak of allosensitization
that occurs around post-transplantation week 3. T-cells were sorted
magnetically using anti-CD90.2 magnetic microbeads (Miltenyi Biotec,
Auburn, CA) according to the manufacturer’s recommendations. The
spleens of na¨ıve C57BL/6 mice were harvested and erythrocytes were
lysed to obtain unfractionated stimulator cells that subsequently were
incubated for 20 minutes at 378C in the presence of 50 lg/mL
mitomycin-C (Sigma-Aldrich). T-cells and stimulator cells were co-
cultured at a 1:1 ratio in a 96-well round bottom plate for 72 hours at
5.0% CO2. Mixed lymphocyte reaction co-cultures were pulsed with
BrdU (Sigma-Aldrich) 16 hours before the measurement of T-cell
proliferation with a BrdU incorporation assay kit (Millipore, Billerica,
MA) according to the manufacturer’s recommendations.
Delayed-Type Hypersensitivity (DTH) Assay
The DTH assay used has been described previously.22 In brief, na¨ıve
C57BL/6 spleens were harvested, erythrocytes were lysed, and
unfractionated splenocytes were diluted to a concentration of 1.5 3
106 cells per 10 ll. The ipsilateral ear pinna of each transplant recipient
was injected with 10 lL of the stimulator cell suspension. Ear thickness
was measured using an engineer’s micrometer (Mitutoyo, Aurora, IL) at
3 time-points: pre-injection, and 24 and 48 hours post-injection. At
each time point, three measurements were taken and averaged.
Specific ear swelling (D ear thickness) was calculated by subtracting
average baseline measurements from the peak average maximal ear
thickness measured at either 24 or 48 hours post-injection.
Real-Time PCR
Recipient corneas from mice sacrificed for the MLR were harvested and
pooled randomly within their respective groups. Total RNA was
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extracted using Trizol Reagent (Invitrogen) and the commercially
available RNeasy Microkit (Qiagen, Valencia, CA). The first strand of
complementary DNA was synthesized using random hexamers
(SuperScript III; Invitrogen) according to the manufacturer’s recom-
mendations. Real-time PCR was performed using TaqMan Universal
PCR Mastermix and dye-labeled, predesigned primers (Applied
Biosystems, Carlsbad, CA) for IFN-c (Mm01168134_m1), IL-17A
(Mm00439618_m1), IL-4 (Mm00445259_m1), and GAPDH
(Mm99999915_g1), and all assays were performed in triplicate. Results
were derived by the comparative threshold cycle method and
normalized to GAPDH as the internal control (copy number/106
GAPDH).
Statistical Analysis
Data were analyzed using ANOVA and Dunnett’s multiple comparison
test or Student’s t-test. Kaplan-Meier survival curves were analyzed
using the log-rank (Mantel-Cox) test. Results are presented as the mean
6 95% confidence interval (CI), and error bars represent the 95% CI. P
values  0.05 were considered statistically significant.
RESULTS
Corneal Cells Were Devitalized by Gamma
Irradiation
To evaluate corneal cell viability, gamma-irradiated corneas
were compared to nonirradiated (normal) corneas using
TUNEL and cell viability/cytotoxicity assays. Corneal sections
underwent TUNEL to identify DNA strand breaks generated
by apoptosis. Apoptosis is a relatively rare occurrence in
normal corneas as evidenced by the dearth of TUNELþ cells in
na¨ıve corneal tissue (Fig. 1A). However, the TUNEL assay
revealed widespread apoptosis in gamma-irradiated corneas,
consistent with previous studies demonstrating that gamma
irradiation can induce cellular apoptosis.23 These findings
were confirmed with a cell viability/cytotoxicity assay that
allowed for the detection of live and dead cells. Live cells
with intracellular esterase activity were stained with calcein
AM, while dead cells with disrupted cell membranes were
stained with ethidium homodimer-1. We found that most of
the cells in the nonirradiated corneas were viable (data not
shown). However, in gamma-irradiated corneas, viable cells
were absent universally and all cells were positive for
ethidium homodimer-1, indicating widespread cell death
(Fig. 1B).
Full-Thickness Irradiated Corneal Allografts
Opacified Rapidly
Penetrating keratoplasty was performed using irradiated
C57BL/6 allografts, nonirradiated C57BL/6 allografts, and
BALB/c recipients (n¼ 6 mice/group). Irradiated corneas were
remarkably clear in the immediate postoperative period (Figs.
2A, 2B). However, irradiated allograft opacity rose between
postoperative days 2 and 14, and average opacity exceeded 4þ
by day 10. These findings differed significantly from nonirra-
diated allografts, which peaked in opacity on day 5 and cleared
between days 5 and 14. Irradiated allograft opacity was
significantly elevated by day 10 compared to nonirradiated
allograft opacity (P < 0.001). All irradiated allografts (100%)
failed by day 10, yielding a median survival time (MST) of 10
days (Fig. 3A). In contrast, 66.7% of nonirradiated allografts
survived beyond day 21, and 50% survived beyond day 56 for
an MST of 42 days. The survival of nonirradiated allografts was
superior to the survival of irradiated allografts (P < 0.001).
Full-Thickness Irradiated Corneal Allografts
Opacified Despite Immunosuppression
The most common cause of corneal allograft failure is immune
rejection. Therefore, we evaluated the effect of immunosup-
pression on irradiated allograft survival. Irradiated allograft
recipients received topical or topical plus systemic dexameth-
asone to determine the effect of immunosuppression on
irradiated allograft survival (n ¼ 6 mice/group). Immunosup-
pression did not improve irradiated allograft survival, as all
immunosuppressed irradiated allografts (100%) failed by day
10, yielding an MST of 10 days (Fig. 3B).
Full-Thickness Irradiated Corneal Isografts Also
Opacified Rapidly
Syngeneic corneal transplantation was performed to investi-
gate further the possibility of immune rejection being the
cause of irradiated graft failure. Syngeneic corneal transplan-
tation was performed using irradiated C57BL/6 isografts,
nonirradiated C57BL/6 isografts, and C57BL/6 recipients (n ¼
6 mice/group). The survival of irradiated isografts closely
mirrored the survival of irradiated allografts, with all irradiated
isografts (100%) failing by day 10 for an MST of 10 days (Fig.
3C). All nonirradiated isografts (100%) survived beyond
postoperative day 56. The difference between nonirradiated
isograft survival and irradiated isograft survival was statistically
significant (P < 0.001).
T-Cells from Irradiated Allograft Recipients Did
Not Exhibit a Secondary Alloimmune Response
MLR was used to provide an in vitro assessment of T-cell
proliferation in response to the presentation of donor
alloantigens (n ¼ 3 mice/group per trial). T-cells from na¨ıve
BALB/c mice with no previous exposure to donor alloantigens
were used as the negative control, while T-cells from BALB/c
mice with actively rejecting nonirradiated corneal allografts
were used as the positive control. BALB/c mice that received
irradiated allografts were either left untreated or treated with a
combination of topical and systemic dexamethasone. T-cell
proliferation in response to alloantigen presentation was
minimal for the na¨ıve, irradiated allograft, and dexametha-
sone-treated irradiated allograft groups (Fig. 4A). In contrast, T-
cell proliferation was robust for the actively rejecting corneal
allograft group, indicating alloantigen exposure and sensitiza-
tion. The difference in T-cell proliferation was significant when
comparing the na¨ıve, irradiated allograft, and immunosup-
pressed irradiated allograft groups with the actively rejecting
corneal allograft group (P < 0.001).
Gamma-Irradiated Allografts Did Not Elicit an
Alloreactive DTH Response
The DTH assay was used to provide an in vivo assessment of
the immune response to donor alloantigens (n ¼ 4–6 mice/
group). Na¨ıve BALB/c mice with no previous exposure to
donor alloantigens were used as a negative control, while
BALB/c mice with actively rejecting nonirradiated corneal
allografts were used as a positive control. Specific ear swelling
was 3.42 6 1.32 lm for the na¨ıve group, 9.83 6 3.40 lm for
the actively rejecting nonirradiated allograft group, 3.08 6
1.00 lm for the irradiated allograft group, and 3.33 6 0.92 lm
for the dexamethasone-treated irradiated allograft group (Fig.
4B). Differences in specific ear swelling were significant when
comparing the na¨ıve, irradiated allograft, and immunosup-
pressed irradiated allograft groups to the actively rejecting
allograft group (P  0.01).
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FIGURE 1. Gamma irradiation devitalized the donor corneal cells. (A) Representative TUNEL staining of nonirradiated and irradiated corneal
sections indicating widespread cellular apoptosis in irradiated corneas (DAPI ¼ blue, TUNEL ¼ red). (B) Representative cell viability/cytotoxicity
staining of irradiated corneal epithelium, stroma, and endothelium. All of the irradiated corneal cells were positive for ethidium homodimer-1 (EthD-
1), indicating widespread plasma membrane disruption and cell death (DAPI ¼ blue, EthD-1¼ red).
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T-Helper (Th) Cell Infiltration of Irradiated
Allografts Was Negligible
Th cell infiltration of corneal grafts has been described in
corneal allograft rejection.24 Real-time PCR was used to
determine the corneal mRNA expression of Th1-associated
interferon (IFN)-c, Th17-associated interleukin (IL)-17A, and
Th2-associated IL-4 (n¼ 3 corneas/group per trial). The mRNA
levels of IFN-c, IL-17A, and IL-4 were elevated significantly in
rejected allografts compared to na¨ıve corneas, irradiated
allografts, and immunosuppressed irradiated allografts (*P 
0.001, Fig. 5). The expression of IFN-c and IL-17A was minimal,
and IL-4 was undetectable in the corneas of irradiated allograft
recipients.
DISCUSSION
T-cells are required for the rejection of corneal allografts.5,6
Rejected corneal allografts contain a mixed cellular infiltrate
that includes CD4þ (helper) and CD8þ (cytotoxic) T-cells.24
Donor-specific CD4þ T-cells are thought to damage corneal
allografts by secreting inflammatory mediators, activating
ancillary effector cells, and inducing cellular apoptosis.25
Abrogating the CD4þ T-cell response dramatically increases
the rate of corneal allograft survival.26–29 Several CD4þ T-cell
subsets have been implicated in the immunopathogenesis of
corneal allograft rejection including Th1, Th2, and Th17 cells.
Th1 cells mediate corneal allograft rejection under normal
conditions by secreting proinflammatory cytokines (e.g., IFN-
c) and activating auxiliary effector cells (e.g., macrophag-
es).25,30,31 IL-4, IL-5, and IL-13–secreting Th2 cells contribute to
corneal allograft rejection in cases of allergic disease, such as
airway hyperreactivity or allergic conjunctivitis.32,33 The role
of Th17 cells in corneal allograft rejection remains unclear as
IL-17 has been implicated in early transplant rejection and
ocular immune privilege.34,35 In the absence of CD4þ T-cells,
CD8þ T-cells can mediate corneal allograft rejection indepen-
dently.36 Regardless of the exact role of each T-cell subset, Th
FIGURE 2. Gamma-irradiated corneal allograft opacity. (A) Nonirradiated allograft opacity peaked at day 5 before trending downwards, whereas
irradiated allograft opacity rose between postoperative days 2 and 14 (*P < 0.001). (B) Representative irradiated allograft opacity. Day 0: minimal-to-
moderate corneal opacity was evident throughout the penetrating keratoplasty procedure. Day 2: epithelial opacity (1þ) was present following
tarsorrhaphy removal. Day 5: stromal opacity (1–2þ) began to develop. Day 7: stromal opacity (2–3þ) became increasingly evident. Day 10:
significant opacity (5þ) and graft protrusion evident following corneal suture removal. Day 21: significant opacity (4þ) remained throughout the
observation period.
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cells are central to the immunopathogenesis of corneal
allograft rejection.
Normal corneal architecture and viable corneal cells are
necessary for the maintenance of corneal clarity.37 Following
gamma irradiation, human corneas have been shown to exhibit
altered cellular architecture consistent with devitalized epithe-
lial cells and keratocytes.38 TUNEL and cell viability/cytotox-
icity assays were performed to further characterize the
devitalization of corneal cells induced by gamma irradiation.
The TUNEL assay demonstrated widespread corneal cell
apoptosis, while the cell viability/cytotoxicity assay demon-
strated widespread corneal cell death. Despite the devitaliza-
tion of donor corneal cells, irradiated allografts were
remarkably clear in the immediate postoperative period;
however, all irradiated allografts failed by postoperative day
10. Corticosteroids are the mainstay of treatment for corneal
allorejection, but neither topical nor combined topical and
systemic corticosteroid treatment improved irradiated allograft
survival. Furthermore, syngeneic corneal transplantation dem-
onstrated that irradiated isografts failed at the same rate as
irradiated allografts. In contrast, nonirradiated allografts
enjoyed a 50% survival rate, and nonirradiated isografts enjoyed
a 100% survival rate. Although immune rejection is the leading
cause of corneal transplantation failure, grafts can fail for a
variety of reasons, including endothelial cell failure.39 These
findings suggest that the inability of irradiated corneal grafts to
remain optically clear was not immune-mediated.
Cell preservation techniques that devitalize cells (e.g.,
cryopreservation) have demonstrated immunosuppressive
FIGURE 3. Gamma-irradiated corneal graft survival. (A) Survival curve
demonstrating that no irradiated allografts survived beyond day 10,
whereas 50% of nonirradiated allografts (n¼ 6 mice/group) survived to
day 56 (P < 0.001). (B) Survival curve demonstrating that neither
topical dexamethasone treated nor combined topical and systemic
dexamethasone treated irradiated allografts (n ¼ 4–6 mice/group)
survived beyond postoperative day 10. Dexa: dexamethasone treated.
(C) Survival curve demonstrating that no irradiated isografts survived
beyond day 10, whereas 100% of nonirradiated isografts (n ¼ 6 mice/
group) survived to day 56 (P < 0.001).
FIGURE 4. Gamma irradiation reduced corneal allogenicity. (A) Mixed
lymphocyte reaction results demonstrating that T-cells from irradiated
allograft recipients (n ¼ 3 mice/group) do not exhibit a secondary
alloimmune response (representative results from two independent
trials, *P < 0.001). (B) Delayed-type hypersensitivity reaction
demonstrating that irradiated corneas (n ¼ 4–6 mice/group) do not
elicit an alloreactive response in vivo (*P  0.01). Dexa: topical and
systemic dexamethasone treated.
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effects in a variety of experimental models.40,41 High-dose
gamma irradiation has been shown to reduce the risk of
immune rejection in experimental models of tracheal and islet
cell transplantation.42,43 Because T-cells are required for the
rejection of corneal allografts, MLR and DTH assays were
performed to evaluate T-cell alloreactivity. The MLR assay
demonstrated that T-cells isolated from irradiated allograft
recipients did not exhibit a secondary alloimmune response.
The DTH assay demonstrated that irradiated allografts did not
elicit an alloreactive DTH response. Furthermore, the reduced
or absent corneal expression of Th1-associated IFN-c, Th17-
associated IL-17A, and Th2-associated IL-4 strongly suggests
that gamma irradiation decreased or eliminated the corneal
infiltration of potentially pathogenic Th cells. The low-level
infiltration of IFN-c and IL-17A mRNA-expressing cells may
have been the result of non-specific inflammation. The reduced
allogenicity of gamma-irradiated corneas is likely related to the
devitalization of potentially antigenic corneal cells, including
resident antigen-presenting cells. Although extending the
duration of corneal allograft storage has been shown to
decrease the number of passenger leukocytes, this does not
necessarily increase corneal allograft survival.44 Given that the
alloantigens that stimulate alloreactivity are primarily cell-
associated, devitalizing the donor corneal cells could dramat-
ically decrease the graft’s alloantigen load. These findings also
may apply to other biocompatible acellular corneal grafts, for
example decellularized corneal tissue or acellular collagen
scaffolds. In fact, a prospective, randomized clinical trial
investigating the use of glycerol-cryopreserved corneal tissue
in anterior lamellar keratoplasty reported no cases of
allorejection.45 Although isolated anterior grafts do not elicit
endothelial immune reactions, epithelial rejection and stromal
rejection remain tangible concerns.45
VisionGraft Sterile Corneas have been used in a variety of
clinical procedures, including anterior lamellar keratoplasty,
tectonic keratoplasty, glaucoma patch grafting, and keratopros-
thesis implantation.15,16 To be chosen for gamma irradiation, a
cornea must exhibit healthy, clear stroma and comply with the
Eye Bank Association of America’s standards for screening and
procurement.46 The adaptation of VisionGraft Sterile Corneas
promises to increase the supply and extend the shelf-life of
donated corneas. Taken together, our results indicate that
gamma-irradiated corneas do not elicit T-cell-mediated alloim-
munity. This is significant given the importance of T-cells in the
rejection of nonirradiated corneal allografts. Although our
experimental results suggest that gamma-irradiated corneas may
not be suitable for use in penetrating keratoplasty, their reduced
allogenicity potentially supports their use in procedures such as
anterior lamellar keratoplasty or keratoprosthesis implantation.
References
1. Eye Bank Association of America. Cornea Donation & Transplantation
Statistics. Available at: http://www.restoresight.org/about-us/
understanding-donation/cornea-donation-transplantation-statistics. Ac-
cessed September 12, 2011.
2. Kelly TL, Williams KA, Coster DJ. Australian Corneal Graft Registry.
Corneal transplantation for keratoconus: a registry study. Arch
Ophthalmol. 2011;129:691–697.
3. The collaborative corneal transplantation studies (CCTS). Effectiveness
of histocompatibility matching in high-risk corneal transplantation.
Arch Ophthalmol. 1992;110:1392–1403.
4. Bachmann B, Taylor RS, Cursiefen C. Corneal neovascularization as a
risk factor for graft failure and rejection after keratoplasty: an evidence-
based meta-analysis. Ophthalmology. 2010;117:1300–1305.e7.
5. Qian Y, Dana MR. Molecular mechanisms of immunity in corneal
allotransplantation and xenotransplantation. Expert Rev Mol Med.
2001;3:1–21.
FIGURE 5. Gamma irradiation reduced T-helper cell-associated cyto-
kine expression. Real-time PCR results demonstrating that (A) Th1-
associated IFN-c, (B) Th17-specific IL-17A, and (C) Th2-associated IL-4
were elevated significantly in rejected nonirradiated allografts com-
pared to na¨ıve corneas and irradiated allografts. Representative results
from two independent trials (n ¼ 3 transplanted corneas/group, *P 
0.001, k indicates lack of detection). Dexa: topical and systemic
dexamethasone treated.
IOVS, October 2012, Vol. 53, No. 11 Irradiated Graft Immunogenicity 7157
6. Niederkorn JY. Immune mechanisms of corneal allograft rejection. Curr
Eye Res. 2007;32:1005–1016.
7. Whitcher JP, Srinivasan M, Upadhyay MP. Corneal blindness: a global
perspective. Bull World Health Organ. 2001;79:214–221.
8. World Health Organization. Fact sheet: visual impairment and
blindness. Available at: http://www.who.int/mediacentre/factsheets/
fs282/en. Accessed November 21, 2011.
9. Ehlers N. World eye banking. Acta Ophthalmol Scand. 1997;75:481.
10. Eye Bank Association of America. 2009 eye banking statistical report.
Available at: http://www.corneas.org/repository/images/pressimages/
EBAA%202009%20Statistical%20Report%
20-%20Final.pdf. Accessed November 21, 2011.
11. Association for the Advancement of Medical Instrumentation. AAMI
TIR35: 2006 –Sterilization of Health Care Products – Radiation
Sterilization – Alternative Sampling Plans for Verification Dose
Experiments and Sterilization Dose Audits. Annapolis, MD: AAMI; 2006.
12. Bright RW, Smarsh JD, Gambill VM. Sterilization of human bone by
irradiation. In: Friedlander GE, Mankin HJ, Sell KW, eds. Osteochondral
Allografts: Biology, Banking and Clinical Applications. Boston, MA:
Little, Brown; 1984:223–232.
13. Miekka SI, Forng RY, Rohwer RG, et al. Inactivation of viral and prion
pathogens by gamma irradiation under conditions that maintain the
integrity of human albumin. Vox Sang. 2003;84:36–44.
14. Krader CG. Cornea allograft provides alternative. Ophthalmology
Times. 2011;36:1. Available at: http://www.tbionline.org/pdf/
Ophthalmology%20_Times.pdf. Accessed September 12, 2011.
15. Utine CA, Tzu JH, Akpek EK. Lamellar keratoplasty using gamma-
irradiated corneal lenticules. Am J Ophthalmol. 2011;151:170–174.e1.
16. Daoud YJ, Smith R, Smith T, et al. The intraoperative impression and
postoperative outcomes of gamma-irradiated corneas in corneal and
glaucoma patch surgery. Cornea. 2011;30:1387–1391.
17. Ferrari G, Chauhan SK, Ueno H, et al. A novel mouse model for
neurotrophic keratopathy: trigeminal nerve stereotactic electrolysis
through the brain. Invest Ophthalmol Vis Sci. 2011;52:2532–2539.
18. Bednarz J, Doubilei V, Wollnik PC, Engelmann K. Effect of three
different media on serum free culture of donor corneas and isolated
human corneal endothelial cells. Br J Ophthalmol. 2001;85:1416–
1420.
19. Sonoda Y, Streilein JW. Orthotopic corneal transplantation in mice–
evidence that the immunogenetic rules of rejection do not apply.
Transplantation. 1992;54:694–704.
20. Hos D, Saban DR, Bock F, et al. Suppression of inflammatory corneal
lymphangiogenesis by application of topical corticosteroids. Arch
Ophthalmol. 2011;129:445–452.
21. Saban DR, Chauhan SK, Zhang X, El Annan J, Jin Y, Dana R. ‘Chimeric’
grafts assembled from multiple allodisparate donors enjoy enhanced
transplant survival. Am J Transplant. 2009;9:473–482.
22. Saban DR, Elder IA, Nguyen CQ, et al. Characterization of intraocular
immunopathology following intracameral inoculation with alloantigen.
Mol Vis. 2008;14:615–624.
23. Tezuka M, Watanabe H, Nakamura S, et al. Antiapoptotic activity is
dispensable for insulin-like growth factor I receptor-mediated clono-
genic radioresistance after gamma irradiation. Clin Cancer Res. 2001;7:
3206–3214.
24. Pepose JS, Nestor MS, Gardner KM, Foos RY, Pettit TH. Composition of
cellular infiltrates in rejected human corneal allografts. Graefes Arch
Clin Exp Ophthalmol. 1985;222:128–133.
25. Cunnusamy K, Chen PW, Niederkorn JY. Paradigm shifts in the role of
CD4þ T-cells in keratoplasty. Discov Med. 2010;10:452–461.
26. He YG, Ross J, Niederkorn JY. Promotion of murine orthotopic corneal
allograft survival by systemic administration of anti-CD4 monoclonal
antibody. Invest Ophthalmol Vis Sci. 1991;32:2723–2728.
27. Ayliffe W, Alam Y, Bell EB, McLeod D, Hutchinson IV. Prolongation of rat
corneal graft survival by treatment with anti-CD4 monoclonal antibody.
Br J Ophthalmol. 1992;76:602–606.
28. Pleyer U, Milani JK, Dukes A, et al. Effect of topically applied anti-CD4
monoclonal antibodies on orthotopic corneal allografts in a rat model.
Invest Ophthalmol Vis Sci. 1995;36:52–61.
29. Coupland SE, Krause L, Karow AC, et al. Delay in corneal allograft
rejection due to anti-CD4 antibody given alone and in combination with
cyclosporin A and leflunomide. Ger J Ophthalmol. 1995;4:294–301.
30. Torres PF, De Vos AF, van der Gaag R, Martins B, Kijlstra A. Cytokine
mRNA expression during experimental corneal allograft rejection. Exp
Eye Res. 1996;63:453–461.
31. Hegde S, Beauregard C, Mayhew E, Niederkorn JY. CD4(þ) T-cell-
mediated mechanisms of corneal allograft rejection: role of Fas-induced
apoptosis. Transplantation. 2005;79:23–31.
32. Niederkorn JY, Chen PW, Mellon J, Stevens C, Mayhew E. Allergic
airway hyperreactivity increases the risk for corneal allograft rejection.
Am J Transplant. 2009;9:1017–1026.
33. Niederkorn JY, Chen PW, Mellon J, Stevens C, Mayhew E. Allergic
conjunctivitis exacerbates corneal allograft rejection by activating Th1
and Th2 alloimmune responses. J Immunol. 2010;184:6076–6083.
34. Chen H, Wang W, Xie H, et al. A pathogenic role of IL-17 at the early stage
of corneal allograft rejection. Transpl Immunol. 2009;21:155–161.
35. Cunnusamy K, Chen PW, Niederkorn JY. IL-17 promotes immune
privilege of corneal allografts. J Immunol. 2010;185:4651–4658.
36. Higuchi R, Streilein JW. CD8þ T-cell-mediated delayed rejection of
orthotopic guinea pig cornea grafts in mice deficient in CD4þ T-cells.
Invest Ophthalmol Vis Sci. 2003;44:175–182.
37. Qazi Y, Wong G, Monson B, Stringham J, Ambati BK. Corneal
transparency: genesis, maintenance and dysfunction. Brain Res Bull.
2010;81:198–210.
38. Sikder S, McCally RL, Engler C, Ward D, Jun AS. Evaluation of irradiated
corneas using scatterometry and light and electron microscopy.
Cornea. 2011;30:503–507.
39. Ing JJ, Ing HH, Nelson LR, Hodge DO, Bourne WM. Ten-year
postoperative results of penetrating keratoplasty. Ophthalmology.
1998;105:1855–1865.
40. Yokomise H, Inui K, Wada H, Ueda M, Hitomi S. Long-term
cryopreservation can prevent rejection of canine tracheal allografts
with preservation of graft viability. J Thorac Cardiovasc Surg. 1996;
111:930–934.
41. Yu HB, Shen GF, Wei FC. Effect of cryopreservation on the
immunogenicity of osteoblasts. Transplant Proc. 2007;39:3030–3031.
42. Yokomise H, Inui K, Wada H, et al. High-dose irradiation prevents
rejection of canine tracheal allografts. J Thorac Cardiovasc Surg. 1994;
107:1391–1397.
43. Gotoh M, Kanai T, Dono K, Porter J, Maki T, Monaco AP. Gamma
irradiation as a tool to reduce immunogenicity of islet allo- and
xenografts. Horm Metab Res. 1990;25(suppl):89–96.
44. Zhang X, Shen L, Jin Y, Saban DR, Chauhan SK, Dana R. Depletion of
passenger leukocytes from corneal grafts: an effective means of
promoting transplant survival? Invest Ophthalmol Vis Sci. 2009;50:
3137–3144.
45. Li J, Yu L, Deng Z, et al. Deep anterior lamellar keratoplasty using acellular
corneal tissue for prevention of allograft rejection in high-risk corneas.
Am J Ophthalmol. 2011;152:762–770.e3.
46. Eye Bank Association of America. Medical Standards. 2009.
7158 Stevenson et al. IOVS, October 2012, Vol. 53, No. 11
